The Variscan orogeny is the major Middle to Late Palaeozoic tectonometamorphic event in central Europe, and the Bohemian Massif is the largest exposure of rocks deformed during this orogeny. The Bohemian Massif consists of the Saxothuringian, Barrandian and Moldanubian units. Adjacent to this massif in the southeast, the Western Carpathians form an arc-shaped mountain range related to the Alpine orogeny during the Cretaceous to Tertiary. The complex crustal-scale geological structure of the Variscan Bohemian Massif and the Western Carpathians, and especially their contact, were analysed in this study employing the data of the SUDETES 2003 international seismic refraction experiment. The analysed seismic data were acquired along the 740 km long, NW-SE oriented S04 profile that crossed the Bohemian Massif and the Western Carpathians before terminating in the Pannonian Basin. The data were interpreted by 2-D trial-and-error forward modelling of P waves, and additional constraints on crustal structure were provided by gravity modelling.
As follows, the region is a complex of tectonic units ranging from Cadomian to Tertiary age with Variscan to Alpine tectonics. In an effort to investigate such a structure, central Europe has been covered by a network of seismic refraction experiments (POLONAISE'97, CELEBRATION 2000 , ALP 2002 as a result of a massive international cooperative effort (Guterch et al. 1998 (Guterch et al. , 1999 (Guterch et al. , 2003a Brückl et al. 2003; Grad et al. 2003a,b) . This paper focuses on the refraction and wideangle reflection experiment SUDETES 2003, which involved a consortium of European and North American institutions comprising geophysical groups from the Czech Republic, Poland, the United States, Germany, Slovakia and Hungary. In this study, we present a detailed analysis of the data from the main SUDETES 2003 profile S04 (Figs 1 and 2 ) that extends NW to SE from Germany, across all main tectonic units of the Bohemian Massif and continues through the Western Carpathians to the Pannonian Basin in Hungary.
The complex geological structures of the Variscan Bohemian Massif and the Western Carpathians, and especially their contact, are not completely understood or solved in many aspects and are subject to ongoing research and debate. The Bohemian Massif is an excellent example of the Variscan crust exposed to the surface, whereas the Carpathian crust records the crust-forming processes during the Mesozoic to Cenozoic. The S04 profile is in a favourable position for studying the individual tectonic units within the Bohemian Massif. Above, its prolongation across the Western Carpathian arc provides an opportunity to study this orogenic belt as well as its contact with the Bohemian Variscan units in the NW. The interpretation of the S04 data provides a new insight into the deep structure and superposition of the tectonic units at depth. Contrasts in seismic properties together with the depth of the Moho discontinuity reflect compositional and structural variances resulting from crust-forming processes during Cadomian, Palaeozoic and Tertiary tectonic development. P. Hrubcová et al. tectonostratigraphic units: the Saxothuringian, the Barrandian, the Moldanubian and the Moravo-Silesian, separated by faults, shear zones or thrusts (Fig. 1) .
The Moldanubian unit represents a major crystalline segment within the Bohemian Massif and its boundary with the Saxothuringian in the NW is regarded to be a suture-type discontinuity. A structurally higher unit, the Barrandian, has been thrust over the Saxothuringian rocks towards the northwest (Dallmeyer et al. 1995) . Reactivation of crustal-scale shear zones during the mid-Cretaceous led to the formation of the Bohemian Cretaceous Basin along the NW-SE oriented Elbe Fault Zone reflecting a largescale zone of crustal weakness. Later, this area was affected by Permo-Carboniferous post-orogenic extension, as well as alkaline magmatism during the Cenozoic evolution of the Eger Rift, a geodynamically active zone belonging to the European Cenozoic Rift System (Prodehl et al. 1995) .
The Moldanubian/Moravian boundary in the east has the character of a ductile shear zone with a significant translation of the Moldanubian over the Moravian unit during a final stage of the subduction of the oceanic crust and subsequent Variscan collision between the Moldanubian terrane and the Brunovistulian microcontinent to the east (Dudek 1980) . In this event, the Moldanubian is viewed as a Variscan orogenic root thrust over the Brunovistulian forming together the Moravo-Silesian zone (Matte 1991; Schulmann et al. 2005) . The Moravian unit consists of a Cadomian basement, the Brunovistulian, covered by Devonian to Carboniferous sediments and submerging to the east beneath the Carpathian Foredeep, where it forms the basement reactivated during the Alpine orogeny (Schulmann & Gayer 2000) . In the Mesozoic, the area was subject to platform development and rifting along the southern/southeastern flank of the Bohemian Massif.
The Western Carpathians form a northward-convex arc as a result of a series of Jurassic to Tertiary subduction and collision events. They represent the northernmost part of the Alpine belt, which evolved during the Alpine orogeny. The geological evolution of the individual parts is rather complicated, comprising tectonic processes such as folding, thrusting and the formation of sedimentary basins of various types in the Mesozoic and Tertiary. These processes resulted in the superposition of the Variscan high-grade crystalline basement and its Late Palaeozoic and Mesozoic cover, overridden by superficial nappe systems and post-nappe cover formed by the Palaeogene, Neogene and Quaternary rocks. Like most of the other collisional fold-belts, the Western Carpathians have been divided into the outer and inner zones based largely on the relative ages of the Alpine events and the intensity of their deformation and metamorphic effects (McCann 2008b) .
The Outer Western Carpathians include the Carpathian Foredeep, the eastern prolongation of the Alpine Molasse Basin and the Carpathian Flysch Belt, a Tertiary accretionary complex composed of several north to north-west-verging nappes. They are thrust over the Carpathian Foredeep filled by Neogene strata. The Inner Western Carpathians, covering most of Slovakia, include various pre-Tertiary units and unconformable Cenozoic sedimentary and volcanic complexes. They are followed by isolated mountains in northern Hungary comprising mainly unmetamorphosed Palaeozoic and Mesozoic complexes covered by deposits of the Late Cretaceous, Palaeogene and Early Neogene intermontane basins up to 3.5 km thick (Plašienka et al. 1997; Janočko & Jacko 1999; Soták et al. 2001) .
From a tectonic point of view, the Outer Western Carpathians correspond to a Tertiary accretionary complex related to the southward subduction of the oceanic to suboceanic crust. They are separated from the Inner Western Carpathians by the Pieniny Klippen Belt, a deep-seated boundary between the colliding Palaeozoic lithospheric plate and the microplate ALCAPA. The Pieniny Klippen Belt forms a narrow zone of extreme shortening and wrenching between the accretionary wedge and the Inner Western Carpathians representing the backstop (Birkenmajer 1986 ). According to this interpretation, during the Tertiary the Carpathian Foredeep was a peripheral foredeep formed due to regional flexure of the descending plate (Krzywiec 1997) . The subduction-related nappe stacking in the Outer Western Carpathians was followed by regional collapse resulting in the formation of intermontane basins filled by Neogene and Quaternary strata (Zuchiewicz et al. 2002) .
In the south, the Western Carpathian area also includes the subsurface of the wide flat lowlands of the Pannonian Basin (Horváth 1993; Tari et al. 1993) . The Pannonian Basin System is filled by more than 2 km of Palaeogene and up to 7 km of Neogene and Quaternary sedimentary cover (Royden et al. 1983) . It was formed within the Inner Carpathians and the Tisza unit due to back-arc stretching and mantle upwelling (Konečný et al. 2002) .
P R E V I O U S G E O P H Y S I C A L I N V E S T I G AT I O N S I N T H E S T U DY A R E A
The first attempts to reveal the crustal structure of this vast region were associated with the investigation of the Bohemian Massif (Beránek & Zátopek 1981) or with the investigation of the Carpathian Foreland (Majerová & Novotný 1986; Bielik et al. 2004) . The interpretation of the refraction measurements indicated a pronounced Moho discontinuity in the central part of the Bohemian Massif with a maximum depth of 39 km and a less pronounced, sometimes blurred, Moho at a depth of about 32 km at the eastern margin of the Bohemian Massif at its contact with the Carpathians (Beránek & Zounková 1977) . These measurements were complemented by reflection profiling, as well as by other geophysical methods (see Bucha & Blížkovský 1994) .
More detailed results were obtained from the refraction and wideangle reflection experiments CELEBRATION 2000 , ALP 2002 (Málek et al. 2001 Růžek et al. , 2007 Grad et al. 2003b; Guterch et al. 2003a,b; Hrubcová et al. 2005 Hrubcová et al. , 2008 Sroda et al. 2006; Brückl et al. 2007) (Fig. 2) , which followed previous seismic studies in central Europe (Guterch et al. 1999; Grad et al. 2002 Grad et al. , 2003a Grad et al. , 2006 . Two perpendicular profiles, CEL09 and CEL10, crossing the whole Bohemian Massif provided new information about the structure and particularly about the lower crustal properties and the character of the crust-mantle transition. A highly reflective lower crust was associated with the Saxothuringian in the NW, the deepest and the most pronounced Moho was detected in the Moldanubian and a broad crust-mantle transition zone along the eastern edge of the Bohemian Massif (Hrubcová et al. 2005 . SUDETES 2003 profile S01 provided a good regional picture on the lithospheric structure along the Eger Rift ; profiles S02 and S03 gave an insight of the Bohemian Massif in the north-south direction (Majdański et al. 2006 (Majdański et al. , 2007 . In SE Germany, the seismic refraction and wide-angle reflection profile GRANU'95 (Enderle et al. 1998) showed the velocity structure of the Saxothuringian belt. A laminated lower crust was indicated by the deep reflection profile MVE-90 as a part of the DEKORP investigations (DEKORP Research Group 1994) and during a combined investigation of the refraction and receiver function data (Hrubcová & Geissler 2009 ).
An important contribution to the understanding of the geological structure at the transition between the Bohemian Massif and the
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Carpathians was provided by the interpretation of the regional refraction profile KII extending from the border of the Czech Republic and Poland to Slovakia. In the Silesian zone, two bands of reflections suggested that the Moho is located at a depth of 36-37 km and rises towards the SE to 30-32 km (Majerová & Novotný 1986) . The deep seismic reflection profile 8HR further to the south (Fig. 2) , close to the S04 profile, indicated the Moho at a depth of 35-37 km.
The Carpathian Mountains and their foredeep were also subject to the early deep seismic sounding studies, which resulted in a crustal thickness of 40 km. Later, these measurements were complemented by reflection profiling (Tomek 1993; Tomek & Hall 1993; Vozár et al. 1999; Šantavý & Vozár 2000) , as well as by the detailed refraction and wide-angle reflection experiment CELEBRATION 2000 (Grad et al. 2006; Malinowski et al. 2005 Malinowski et al. , 2008 . Profiles CEL01, CEL04 and CEL05 crossed the Carpathian arc in the N-S direction and gave an insight into the main tectonic features associated with the Carpathians and the Pannonian Basin System (Grad et al. 2006; Środa et al. 2006) . In the Pannonian Basin, both refraction and deep reflection profiles recorded since 1970 revealed a thinner crust of about 25-30 km and a low-velocity layer in the upper mantle, the top of which is at a depth of 55 km (Posgay et al. 1981 (Posgay et al. , 1986 (Posgay et al. , 1995 .
Seismic investigations were complemented by other geophysical methods, especially gravity measurements. The gravitational field pattern of the Bohemian Massif is divided into four positive and negative regional bands running SW-NE (Bucha & Bližkovský 1994) . They are perpendicular to the S04 profile with a minimum of −60 mGal near the contact of the Saxothuringian and Barrandian at the Eger Rift related to granitic rocks. The Carpathian gravity low is attributed to low-density porous foredeep sediments covered by nappes of the Outer Western Carpathian accretionary wedge. The Pannonian gravity high results from a significantly shallower Moho (Bielik et al. 2004) .
SEISMIC DATA
Acquisition and processing
The data along the refraction and wide-angle reflection profile S04 were acquired during the international seismic experiment SUDETES 2003 . This experiment took place mainly in the Czech Republic and Poland but also covered portions of Germany, Slovakia and Hungary. Its NW-SE oriented transect S04 was the longest profile of the SUDETES 2003 experiment and started at the north-west edge of the Bohemian Massif in the Saxothuringian, crossed the Eger Rift, continued along the northern rim of the Barrandian and Moldanubian to the Moravo-Silesian. It then continued across the Carpathian Foredeep and Flysch Belt to the Western Carpathians and terminated in the Pannonian Basin. The S04 profile was 740 km long with 18 shot points, of which one was fired twice. About 250 single-channel recorders were deployed along the S04 profile; all recorders were of the Texan type (RefTek 125, Refraction Technology Inc., Plano, TX, USA) and employed 4.5 Hz vertical geophones. The average distance between the shots was 30 km with an average station spacing of 3 km in the Czech Republic and Germany and 4 km in Slovakia and Hungary. A few stations in Hungary near the Matra Mts. (distance of 610-650 km along the profile) were deployed with a denser spacing of less than 1 km for shallow structure study. The charges amounted to 400 kg on average. For three shot points larger charges were used. The positions of shot points and stations were measured by GPS; the origin time was controlled by a GPS-controlled blasting device. Fig. 2 shows the field layout of the SUDETES 2003 seismic experiment; for more details on geometry refer to and Guterch et al. (2003) . The shots along the S04 profile with their numbers are shown at the bottom of Fig. 2 and detailed information about the shots is presented in Table 1 .
The data from the experiment were recorded with a sampling rate of 0.01 s with a recording time window of 300 s for each shot. Data processing included bandpass filtering of the whole data set (usually 2-15 Hz) to remove low-and high-frequency noise. Recordings were sorted into shot gathers; seismic sections were trace-normalized to the maximum amplitude along the trace and cut to a length of 100 s starting at zero reduced time. They were plotted with a reduction velocity of 8 km s −1 , a velocity of the upper mantle commonly used for data visualisation in crustal/upper mantle studies. For plotting, the seismic sections were cleaned and bad quality (noisy) traces (or their parts) were removed. Examples of the recorded wavefields are shown in Fig. 3. 
Seismic wavefield
The seismic data used for the interpretation along the S04 profile have a good signal-to-noise ratio for the Pg phases as the refractions from the upper crust, and the PmP phases as the reflections from the Moho discontinuity. The Pn waves refracted from the upper mantle are sometimes not well developed and are only visible on a few record sections. Refracted waves from the sedimentary cover (Psed phases) are observed in the vicinity of shot points mainly in the SE in the Pannonian Basin. Other phases are complex and sometimes difficult to pick and correlate among shot points. This fact concerns intracrustal reflections P 1 P, and upper mantle reflections P I P. Clear arrivals of refracted waves from the crystalline crust (Pg phase) are typically observed up to offsets of 100-120 km. In the area of the Bohemian Massif, they show an apparent velocity of 5.8-6.1 km s −1 . Short-wavelength anomalies of the Pg phase reflect the existence of near surface velocity inhomogeneities. Lower apparent velocities of about 5.5-5.75 km s −1 correlate with the sedimentary basin of the Barrandian unit (the Most Basin at 145 km along the profile) and southern margins of the Bohemian Cretaceous Basin (at about 200 and 280 km along the profile) located along the NW-SE oriented Elbe Fault Zone.
In the middle part of the profile, at the contact of the Bohemian Massif with the Carpathians, there are strong differences in the wavefields. The shot points in the Bohemian Massif (Fig. 3 -SP 44100 and SP 44110) show an abrupt termination of energy for all phases in the southeast direction from a distance of 400 km along the profile. In contrast, data recorded in the northwest direction from (Grad et al. 2006; Środa et al. 2006) . There are two reasons explaining this effect. First, the attenuation of energy is due to porous material of the Carpathian Foredeep and Flysch in the upper crust. When the energy penetrates deeper into the crust and mantle it can propagate well because the damping is mainly constrained to the upper crustal levels. Another reason might be the direction of the energy recording. When recorded to the SE, the energy is damped while when recorded in the opposite direction, to the NW, the energy is visible even for the upper crust as is seen in the data from SP 44140 or SP 44170 in the Carpathians . This may thus be a response due to the direction of the northwest-ward Carpathian nappe thrusting.
In the SE, the first arrivals at offsets smaller than 30 km display an apparent velocity of 2.5-5 km s −1 for the shot points of SP 44170, SP 44180, SP 44190 and SP 44200 and especially SP 44210. This reflects a few kilometres thick Neogene and Quaternary sedimentary cover of the Inner Carpathians and the Pannonian Basin.
The local intracrustal reflections are not well developed along the S04 profile. If they exist, they are sometimes hard to correlate between the shot points. They are mainly confined to the central part of the Bohemian Massif to a distance of 200-300 km along the profile and are visible in the sections from SP 44070, SP 44080, SP 44090 and SP 44100 ( Fig. 3 -SP 44100, P 1 P phase).
As later arrivals, we observe the P-wave reflections from the Moho discontinuity (PmP phase), usually the strongest phase detected to an overcritical distance of 200-250 km. In the Bohemian Massif, these PmP phases form relatively long coda, compared to the strong and short PmP pulses observed in the southern part of the profile in the Pannonian area . In the NW, the Moho reflections are visible as strong reflections with 8 P. Hrubcová et al. long coda. They are sometimes difficult to correlate consistently for all shot points recording the phase, which may indicate a complex Moho structure as, for example, in the Saxothuringian .
At long offsets, well-developed overcritical PmP phases are observed up to a distance of 200-250 km. However, phase correlations for this group are difficult, and their traveltimes are represented by envelopes of high-amplitude arrivals. For SP 44020, SP 44040 and SP 44050, these phases show apparent velocities of 6.3 km s −1 , which indicates relatively low seismic velocities at lower crustal levels under the central part of the Bohemian Massif (Fig. 6) .
Only a few record sections showed the Moho refractions (Pn phases) clearly enough for reliable correlation. In the Bohemian Massif, they are recorded up to a distance of 250-300 km (e.g. The crossover distance between the crust and mantle refractions in the Bohemian Massif is 130-140 km, whereas in the SE, in the Pannonian Basin, the crossover distance is 110 km, which indicates a thinner crust of about 24 km in the SE compared to 30-32 km thick crust in the NW.
The upper mantle reflections (P I P phase) are visible on some record sections especially in the recordings from the Carpathians and the Pannonian Basin ( Fig. 9 -SP 44210) and document upper mantle reflectors in the central part of the S04 profile. Because some lithospheric phases are not very clear, their determination is more uncertain.
S E I S M I C M O D E L L I N G O F T H E C RU S T A N D T H E U P P E R M A N T L E
To model the structure, we applied forward iterative traveltime fitting using the ray tracing program package SEIS83 (Červený & Pšenčík 1984) supplemented by an interactive graphical interface MODEL (Komminaho 1997) and ZPLOT (Zelt 1994) . The modelling involved calculating traveltimes and synthetic sections to assess variations in amplitude, traveltime and duration of both the refracted and reflected seismic phases from the crust and uppermost mantle. The traveltimes were used to derive the overall velocity structure; the synthetic sections were used for qualitative comparison of the amplitudes of synthetic and observed seismograms, and helped to constrain the velocity gradients and velocity contrasts at discontinuities. 
Bohemian Massif
In the upper crust of the Bohemian Massif there are the following variations in the Vp velocities. Starting in the NW in the Saxothuringian, a near-surface velocity of 6 km s −1 at a distance of around 70 km along the profile corresponds to the Palaeozoic metamorphic rocks at the north-western flank of the Krušné Hory/Erzgebirge Mts. (NW of the Eger Rift) followed by lower nearsurface velocities of 5.85 km s −1 for the granitoids on the other side of this mountain range. Lower velocities of 3.7 km s −1 at a distance of 100-150 km along the profile represent Permo-Carboniferous to Tertiary sedimentary successions of local basins down to a depth of 1200 m that are in accordance with the interpretation of Kopecký (1978) or Mlčoch (2001) . At a distance of 110 km, these sedimentary successions are penetrated by Tertiary alkaline volcanic rocks of theČeské Středohoří Mts. with higher near-surface velocities developed at the contact of the Saxothuringian and the Barrandian along the Eger Rift (Reicherter et al. 2008) . Further to the SE, the velocities of 3.4 km s −1 coincide with the embayments of the Bohemian Cretaceous Basin (200 and 280 km along the profile) alternating with the Permo-Carboniferous rocks with velocities of 5.9-6.0 km s −1 forming the basement of the Barrandian. The velocity structure reflects the tectonic setting in this area, because the profile runs along the contact of the Barrandian with the northern rim of the Moldanubian, sometimes buried beneath the Mesozoic sedimentary successions of the Bohemian Cretaceous Basin parallel with the southern strand of the Elbe Fault zone (Železné Hory Fault).
Velocities of 6.0 km s −1 at a distance of 320 km along the profile represent the metamorphic rocks of the northern rim of the Moldanubian exposed at the surface. They are similar to the velocities modelled by Hrubcová et al. (2005) in the central part of the Moldanubian. Lower velocities of 5.7-5.8 km s −1 beyond 320 km along the profile correspond to the Palaeozoic metasediments of the Moravo-Silesian unit also observed along the perpendicular CEL10 profile at the eastern edge of the Bohemian Massif .
Deeper parts of the crust in the Bohemian Massif exhibit a very low vertical gradient. This concerns especially the NW end, the Saxothuringian, where the crust was modelled with a Vp velocity of 6.1-6.35 km s −1 within a depth range of 3-22 km and constrained by overcritical phases of the intracrustal and Moho reflections. An intracrustal reflector in the Saxothuringian was identified at a depth of 12 km; in the Moldanubian, two mid-crustal reflectors were identified at depths of 17 and 22 km.
The velocities in the lower crust can be constrained by well-developed overcritical PmP phases usually observed up to 200-250 km offsets. In the central part of the Bohemian Massif, beneath the Barrandian and Moldanubian (SP 44020, SP 44040, SP 44050, and reciprocally SP 44090), the apparent velocities of 6.4 km s −1 of these phases indicate low velocities at lower crustal levels (170-230 km along the profile). This is documented for data of SP 44040 in Fig. 6 , which shows the response of a 1-D velocity model with such velocities in the lower crust (Fig. 6a ) and compares it with the response from a model with higher velocity in the lower crust (Fig. 6b) or a model with decreased velocities in the whole crust (except the uppermost part) (Fig. 6c) .
The PmP phases are visible as strong reflections with long coda, which are sometimes hard to fit consistently for all shot points, especially in the NW part in the Saxothuringian. To explain such data, several interpretations are, to some extent, possible. First of all, we introduced a higher velocity lower crust similar to that modelled by Hrubcová et al. (2005) for the same unit some 70 km further to the SW. This layer with a velocity of about 7 km s −1 was located within a depth range of 23-31 km. Compared to Hrubcová et al. (2005) , where the strongest reflector was from the top of the high-velocity lower crust, in this study the Moho is quite dominant. Fig. 7(a) shows the effect of such a structure in the data, where it was possible to fit the traveltimes, but there were difficulties in fitting the synthetic seismograms. This indicated that the velocity contrasts at the top and bottom of the high-velocity lower crust for the S04 data were not accurate. Another way of explaining the data was to model the structure by a double Moho, where some parts of the profile showed reflections from the upper Moho, and some other parts from the lower one. Such an interpretation resulted in a reasonable fit in traveltimes for the reflections, but there was no good fit for the Pn phase. The best fit for both the PmP, and Pn phases is obtained for a simple Moho with some undulations. Such an interpretation corresponds well with the result of the perpendicular profile S01 and aggress well in traveltimes and synthetics (Fig. 7b) .
In the central part of the Bohemian Massif beneath the Barrandian and Moldanubian, the Moho is modelled as a sharp discontinuity at a depth of 28-32 km dipping to the SE. The uppermost mantle velocities are in the range of 8.0-8.05 km s −1 . At the SE end of the Bohemian Massif beneath the MoravoSilesian, the lower crust shows slightly elevated velocities of 6.6 km s −1 compared to those in the Moldanubian with the Moho at a depth of 32-34 km. In the same area, the perpendicular profile CEL10 showed a gradient zone with velocities of 6.9-7.4 km s −1 over a depth range of 26-36 km. Fig. 8 illustrates two possible interpretations of the crust-mantle transition from reciprocal shot points SP 44090 and SP 44140. It compares the PmP and Pn for a first-order Moho discontinuity with a sharp velocity contrast with phases originating from a high gradient crust-mantle transition zone (as according to Hrubcová et al. 2008) . The data in this area are not of high quality and some phases are not visible, which allows a wider range of possible solutions. From the calculated traveltimes and the synthetics it is clear that both interpretations would, to some extent, satisfy the data. Although the usual approach is to try to reach an agreement between interpretations on crossing profiles, in our case we decided to keep the first-order Moho discontinuity in the model. Unlike CEL10, the S04 profile is in a more favourable position with respect to the position of the tectonic units. If two interpretations are equal in terms of uncertainty, the model of minimum structure is typically the preferred model. Nevertheless, this is a complicated tectonic area and a gradient zone detected along the refraction profile CEL10 can still be a matter of debate.
Transition between the Bohemian Massif and the Carpathians
The upper crustal velocities at the transition between the Bohemian Massif and the Carpathians show pronounced lateral variations compared to the Bohemian Massif. Considerably lower velocities of 3.8-4.2 km s −1 were modelled down to a depth of 7 km in a distance range of 370-460 km. They correspond to the Tertiary sediments of the Outer Western Carpathians namely the Carpathian Foredeep 10 P. Hrubcová et al. and the Carpathian Flysch. Considering the larger distance between the nearest shot points (SP 44110 at the eastern edge of the Bohemian Massif and SP 44140 in the Carpathians, Fig. 2 ), this area is not well constrained by the S04 seismic data. Thus, the velocity values modelled along the S04 profile were compared with the ones from the profiles CEL01 and CEL05 (Grad et al. 2006; Środa et al. 2006) of the CELEBRATION 2000 experiment crossing the same tectonic units. Since the data for SP 44210 in the Pannonian Basin showed a pronounced Pn phase visible up to an offset of 500 km, the thickness variation of the Carpathian Flysch and Foredeep sediments with lower velocities was mainly constrained by the Pn wave fluctuations from this shot point (Fig. 9) . The sedimentary thickness was also constrained by the interpretation of the seismic reflection profile 8HR (Tomek & Hall 1993) and by geological information (e.g. Vozár et al. 1999; Golonka & Krobicki 2004) . Fig. 9(b) documents the effect of lower velocities of the Carpathian Foredeep (Fig. 8a-SP 44140) . A similar effect is visible in the data of SP 44210 where the apparent velocity of 7.3 km s −1 at a distance of 315-380 km along the profile for the Pn phase reflects the Moho dip to the NW in the same area. It is followed by an apparent velocity of 8.5 km s −1 at a distance of 210-290 km along the profile, which corresponds to the opposite, SE dip of the Moho at 290-370 km. To confirm the interpretation, Fig. 9 shows the effect of the sharply dipping Moho at the contact of the Bohemian Massif with the Carpathians in contrast to the response from a model with a flat Moho. In the case of the Moho uplift and dip, the fit for Pn was achieved for picks at a distance of 325-400 km along the profile and also for strong second arrivals at a distance of 290-310 km (Fig. 9a) , which is missing in the case of a flat Moho (Fig. 9b, marked by red arrows) .
Western Carpathians and the Pannonian Basin
Leaving the Carpathian Foredeep and the Flysch Belt, the profile continues across the Inner Carpathians. Velocities of 5.8-5.9 km s Two isolated reflectors were detected at the depths of 10 and 20 km in the middle crust of the central part of the Carpathians. The lower crust displays velocities of 6.8 km s −1 and the Moho is modelled at the depth of 32-34 km.
Beneath the Pannonian Basin, the PmP phase is the most pronounced in terms of high amplitude and short coda. The Moho is interpreted as a first-order discontinuity at a depth of 23 km with a sharp velocity increase from 6.5 to 7.8-7.9 km s −1 . This is in agreement with other geophysical interpretations in this area (Posgay et al. 1981; Bielik et al. 2004; Grad et al. 2006; Środa et al. 2006) .
Two upper mantle reflectors at the distances of 370-460 and 530-630 km along the profile are visible at the depth of 50-60 km (Fig. 3-SP 44100 , SP 44140 and SP 44210). They dip from the eastern edge of the Bohemian Massif to the central part of the Carpathians. Since some lithospheric phases constraining them are not very clear, their determination is more uncertain. Velocities beneath these reflectors (8.3 km s −1 ) have an even higher uncertainty because there is no reciprocity and they are only constrained by the data of SP 44210.
A N A LY S I S O F A C C U R A C Y, R E S O L U T I O N A N D U N C E RTA I N T I E S
Modelling errors result from a combination of several factors: data timing errors, misidentification of seismic phases, traveltime picking, inaccuracy of modelling (misfit between data and modelled traveltimes) and 2-D geometry of the experiment, not accounting for 3-D effects or anisotropy. Some errors are subjective, introduced by the interpreter during phase correlation, and cannot be quantified. Their magnitude decreases with increasing quality and quantity of data. Due to the subjective errors, it is not possible to produce a full and systematic error analysis. In this study, we attempt to evaluate the errors resulting from picking accuracy and from the misfit between the model and the data. Also, in the process of modelling, the limitations of the ray theory must be kept in mind. In addition, two-dimensional modelling does not take into account out-of-plane refracted and reflected arrivals, which must have occurred particularly in such a structurally complex area and at the contacts of several units.
In the interpreted data set, the major phases were correlated with considerable confidence, increased by comparisons of phases picked independently by different interpreters and with the help of reciprocity checking. The following criteria were used to decide whether a given phase can be used for constraining the model: the signal-to-noise ratio is high enough to isolate the phase from the noise as a series of pulses on neighbouring seismograms, the continuity of the group of pulses over some distance interval and the phase's apparent velocity, which should roughly fit the range of plausible crust/mantle velocities. The important test for the credibility of the phases, which significantly reduces the non-uniqueness of the phase identification, was the reciprocity checking: a phase that could be picked consistently (i.e. with the same traveltime at the reciprocal shot location) for several shot points was assumed to represent a major structure extending over a considerable part of the model and was included in the modelling. The phases that did not pass the reciprocity test were not used for modelling. This was mostly the case of short groups of second arrivals with average amplitude, representing the most likely reflections (possibly side-reflections) or diffractions from local, relatively small-scale anomalies or discontinuities. The most credible phases were usually the Pg and Pn as the first arrivals, characterized by a high signal-to noise ratio. However, in some areas they were not visible (mainly the Pn phase). As for the second arrivals, the PmP phase was the easiest to correlate due to its high amplitude. However, for several shot points it could not be reliably correlated reciprocally due to a low signal-to-noise ratio and scatter of its onsets. The mantle phases (Pn and P I P) from SP 44210 were used for modelling, although they could not be confirmed by the reciprocity test-their very high amplitude due to a large charge provide the excellent data to enable confident modelling of the abrupt changes in the Moho topography and thickness of the Carpathians sedimentary foredeep.
The picking accuracy was usually about ±0.05-0.1 s for the Pg phases (smaller especially for the near-offset arrivals) and about ±0.1-0.2 s for the reflected phases (PmP, midcrustal reflections) and the Pn. The calculated traveltimes fit the observed ones with an accuracy of ±0.2 s on average for both refracted and reflected phases. In the ray tracing modelling, we analyse traveltime curves rather than single arrivals and in such cases, typical velocity errors were about 0.1 km s −1 and errors in the boundary depth determinations were of the order of 1 km. However, in complicated or poorly constrained parts of the model, they might increase up to 0.2 km s −1 and 2 km, respectively. In addition, synthetic seismograms generally showed good qualitative agreement with the relative amplitudes of the observed refracted and reflected phases. Fig. 10 presents traveltime residuals, as well as diagrams of ray coverage and observed reflections along modelled seismic discontinuities. The average of the residuals is close to zero, which means that there is no systematic deviation of the model parameters with respect to the data.
GRAVITY
Following the derivation of the seismic velocity structure, we used gravity modelling to test the seismic model and to obtain additional geophysical constraints on the crustal structure and composition. In a first approximation, we converted the P-wave velocity model (Fig. 5) into densities using the velocity-density relation of Christensen & Mooney (1995) for crustal and upper mantle velocities of 6-8 km s −1 and Ludwig et al. (1971) for sedimentary velocities. This resulted in an initial density model. Using the 2-D modelling software GRDGRAVITY developed by I. Trinks (internet freeware code), we compared the gravity effect of this initial density model with the Bouguer anomaly values (Bielik et al. 2006) 14 P. Hrubcová et al. along the profile. We then modified the densities in the model, where needed, by the trial-and-error approach to obtain a better fit to the Bouguer anomaly values. The aim was not to obtain a detailed density model but to test the reasonability of the seismic velocities. Fig. 11 shows the observed Bouguer anomaly together with the gravity responses of the initial and final density models. From the response of the initial model, we can see that the most prominent discrepancies (about 50 mGal) occur in the Saxothuringian in a distance range of 60-120 km along the profile and at the contact of the Bohemian Massif with the Carpathian Flysch Belt in a distance range of 380-440 km. They are in places where the negative Bouguer anomaly reaches a value of −60 mGal.
The gravity minimum in the Saxothuringian coincides with the location of low-density granites in the eastern part of the Krušné Hory/Erzbegirge Mts. (NW of the Eger Rift). There the differences between the granitoids and orthogneisses and neighbouring metamorphic rocks are more pronounced in densities (about 0.1 g cm −3 ) than in seismic velocities. A similar effect was also encountered along the CEL09 profile (Hrubcová et al. 2005) in the Karlovy Vary area, where such a discrepancy was due to a larger density difference between the Karlovy Vary granites and the surrounding rocks than estimated from the seismic velocity-density relationship. To get the fit with the observed Bouguer data, the Saxothuringian anomaly was modelled by lower densities of about 2.60-2.65 g cm −3 to a depth of 8-12 km, which is consistent with the results of Behr et al. (1994) along the MVE-90 profile. It is also in agreement with the interpretation of Blecha et al. (2009) who modelled the same densities and depths for the gravity minimum of the Karlovy Vary pluton further to the SW.
The other pronounced gravity low in the Carpathians is attributed to low-density foredeep and flysch sediments. To achieve the fit in this area it was necessary to introduce lower densities of 2.45 g cm −3 than those, which ensued from the velocity-to-density conversion. The discrepancy between the seismic and gravity models can be seen in several factors. Due to the insufficient amount of seismic refraction data as well as seismic attenuation in porous sedimentary rocks, the resolution of the seismic model in the Carpathian Flysch Belt is lower than in some other parts of the profile. Another contributing factor might be the 3-D influence of the Carpathian low anomaly, not taken into account in the 2-D velocity modelling. However, the aim was to test the 2-D velocity results, therefore, we confined the gravity modelling to two dimensions. The local gravity minimum at a distance of 425 km was explained by densities of 2.2 g cm −3 and coincides with the light Neogene to Quaternary sedimentary rocks of the Vienna basin margins.
Other smaller corrections (positive and negative) were made in some other parts of the profile mainly in the upper crust. They explain the anomalies usually caused by numerous granitic, mafic and volcanic rocks occurring along the profile or in its close vicinity and producing gravity effects not accounted for by the velocity modelling. The local gravity lows along the profile were explained by small sedimentary Neogene to Quaternary basins not detected by the refraction seismic data as, e.g. the very pronounced anomaly at a distance of 95 km representing the Most sedimentary Basin at the eastern margin of the Krušné Hory/Erzgebirge Mts.
During gravity modelling, different seismic models of the lower crust and Moho were also tested for their gravity effects. In such a way, the high-velocity lower crust under the Saxothuringian revealed a misfit in the gravity data, which was another indication not to promote such a structure in the model. Under the eastern side of the Bohemian Massif, the lower crust can be modelled by slightly higher densities than those which ensue from seismic velocities but not as high as to correspond to the high-velocity zone along the CEL10 profile in the Moravo-Silesian. At the transition between the Bohemian Massif and the Carpathians, the gravity modelling does not constrain our seismic interpretations, because there is neither evidence for the Moho dip nor evidence for a flat Moho and both results show a similar gravity response (Fig. 11) . However, we chose the model with the dipping Moho, because it fits the seismic data much better with a very good fit for Pn and later arrivals, and because the seismic interpretation excludes a flat Moho (Fig. 9-SP 44210) . The Pannonian gravity high results from the Moho rising significantly to about 25-30 km and corresponds with seismic interpretations as well as the results of Bielik et al. (2004) . Christensen & Mooney (1995) . For comparison, temperature-depth curves are shown for the area of the S04 profile, including the Saxothuringian (Sax) (Čermák 1995), Palaeozoic Platform (PP) in southwest Poland (Majorowicz 1976) and Pannonian Basin (PB) (Posgay et al. 2001) , as well as for neighbouring areas, including 'hot' Eastern Alps (EA) (Vosteen et al. 2003) , and 'cold' East European Craton (EEC) in northeast Poland (Majorowicz 1976) . Thick black line extending to about 10 km shows measured temperature in KTB deep borehole (Emmermann & Lauterjung 1997) . Shaded pink area represents 'hot' crust for the area close to the S04 profile. (Right panel) Laboratory data for various rock assemblages (Christensen 1974; Christensen & Mooney 1995; Mueller 1995; Weiss et al. 1999; Grégoire et al. 2001) are shown for the high temperature model in the crust at 5 and 25 km depth and plotted as black boxes with black lines representing their error estimates. Anisotropy is not considered. Shaded vertical pink bars represent modelled Vp values beneath the S04 profile for the upper crust-6.0-6.15 km s −1 for the Bohemian Massif (BM), 5.9 km s −1 for the Carpathians (C) and 5.7 km s −1 for the Pannonian Basin (PB), and for the lower crust-6.4 km s −1 for the Bohemian Massif, 6.7 km s −1 for the Carpathians and 6.5 km s −1 for the Pannonian Basin. The bars are shown with estimated uncertainty of the velocity values of ±0.05 km s −1 . Red lines represent average velocities for extended crust (5.59 ± 0.88 km s −1 for 5 km depth, 6.69 ± 0.30 km s −1 for 25 km depth), while blue lines represent velocities for orogens (5.69 ± 0.67 km s −1 for 5 km depth, 6.53 ± 0.39 km s −1 for 25 km depth) (Christensen & Mooney 1995) .
D I S C U S S I O N O F T H E G E O L O G I C A L A N D T E C T O N I C I M P L I C AT I O N S
In the following discussion, we propose a general tectonic/geological interpretation for the velocity models along the S04 profile. We discuss these units and their contacts based on the Pg velocity distribution, character of the lower crust and Moho topography, surface geology and results from other profiles, especially CEL09, CEL10, S01, S02, S03, 8HR and MT-15. Above, we have shown the additional constraint on the crustal structure given by the gravity modelling. We are aware that, due to the ambiguity of modelling, there can be several possible interpretations, but because of all the mentioned reasons we believe that our proposed interpretation gives one of the most plausible solutions. In our interpretation, we concentrate on velocity variations along the profile. Azimuthal anisotropic studies are a matter of other investigations (e.g. Vavryčuk et al. 2004 ).
Crustal lithologies
The interpretation of crustal lithologies along the S04 profile is based on the P-wave velocities obtained by 2-D ray tracing modelling. The most plausible lithologies along the profile are inferred from the modelled Vp values and compared with global (Christensen & Mooney 1995; Weiss et al. 1999) and regional (Christensen 1974; Mueller 1995; Grégoire et al. 2001 ) laboratory data for various crustal rock assemblages. The left part of Fig. 12 shows the temperature-depth curves for the low, average and high heat flow thermal regimes according to Christensen & Mooney (1995) . In the crust of the S04 profile, the published temperature-depth curves for the Saxothuringian (Čermák 1995), the Palaeozoic Platform in southwest Poland (Majorowicz 1976) , the Eastern Alps (Vosteen et al. 2003) , and the Pannonian Basin (Posgay et al. 2001 ) lie close to the high heat-flow curve. This curve also fits the temperatures measured directly in the KTB borehole in the Saxothuringian to a depth of about 10 km (Emmermann & Lauterjung 1997) . On the other hand, much lower temperatures are observed for the 'cold' East European Craton in northeast Poland (Majorowicz 1976) .
The right part of Fig. 12 shows lithological candidates for a high-temperature regime in the upper (5 km depth) and lower (25 km depth) crust according to Christensen & Mooney (1995) and Mueller (1995) , where anisotropy has not been taken into account. The original data of Christensen (1974) , Weiss et al. (1999) and Grégoire et al. (2001) were corrected downward by 0.3 km s for the Pannonian Basin. For comparison, the average values according to Christensen & Mooney (1995) are shown, where red lines represent velocities for the extended crust (5.59 ± 0.88 km s −1 for 5 km depth, 6.69 ± 0.30 km s −1 for 25 km depth), and blue lines represent velocities for orogens (5.69 ± 0.67 km s −1 for 5 km depth, 6.53 ± 0.39 km s −1 for 25 km depth). The velocities in the Pannonian Basin seem to fit the values for orogens at both 5 and 25 km depths, while those in the Carpathians seem to correspond more to the values for the extended crust. McCann (2008b) points out that, despite being a part of the Alpine-Carpathian Orogen, the Western Carpathians are different from other orogens such as the Alps. The Carpathians underwent a diverse tectonic evolution, which lacks an orogenic root typical for the Eastern Alps (Brückl et al. 2007) . Our result can, to some extent, reflect this diversity. Also, it should be noted that the values of Christensen & Mooney (1995) represent averages of a broad range of velocities for given types of crust.
The upper crystalline crust of the Bohemian Massif (at a depth of 5 km) is characterized by velocities from 6.0 to 6.3 km s −1 , which are typical of basement rocks of Cadomian age in the Barrandian unit and the mid-Palaeozoic Variscan granitoids and gneisses in the Moldanubian unit exposed in some places at the surface. The Cadomian basement is also present in the Saxothuringian zone consisting of volcano-sedimentary complexes overlain by Palaeozoic strata. The lower crust of the Bohemian Massif (at the depths from 15 to 30 km) displays velocities of 6.4-6.5 km s −1 . These relatively low values reflect a continuing predominance of felsic lithologies towards the base of the crust. Similar velocities were obtained along the MVE-90 reflection profile, where they were interpreted as being related to gneisses with a varying content of metabasites (or mafic gneisses) (see Behr et al. 1994) . Pelitic granulites can represent other candidates for the major rock components in the lower crust. Restites from the huge granite bodies of the upper crust are present in the middle-to-lower crust of the Saxothuringian zone and would be in agreement with the modelled velocities. There seems to be no major imprint of the Cenozoic magmatism in the overall velocity structure in the area of the Eger Rift (České Středohoří).
Lower upper crustal velocities of 4.2-4.3 km s −1 (depth of 5 km) at the transition between the Bohemian Massif and the Carpathians reflect the sedimentary infill of the Carpathian Foredeep as the eastward prolongation of the East Alpine Molasse basin and forming a characteristic clastic wedge thinning towards the foreland. It is followed by rocks of the Carpathian Flysch Belt, composed exclusively of Jurassic to Miocene sediments such as schists, sandstones and their conglomerates that were scraped off the subducted basement of the Carpathian embayment. In the Carpathians, upper crustal velocities of 5.9 km s −1 (depth of 5 km) represent various pre-Tertiary units and the unconformable Cenozoic volcanic complexes (rhyolites to dacites) alternating with lower velocities of the sedimentary complexes at the surface (McCann 2008b) .
Lower crustal P-wave velocities of 6.6-6.7 km s −1 under the SE rim of the Bohemian Massif (Moldanubian/Moravo-Silesian) are slightly higher than those further to the northwest (6.4-6.5 km s −1 ), indicating slightly more mafic composition and potentially different tectonic origin. The lower crust under the Carpathians is characterized by P-wave velocities from 6.7 to 6.8 km s −1 , indicating a more mafic composition than that in the Bohemian Massif (amphibolites, mafic granulites) although the difference is not very high. Lower crustal velocities of 6.5 km s −1 are typical for the Pannonian Basin. There, the lower crust might consist of various types of granulites as is evident from the xenoliths, which were brought to the surface by the Cenozoic volcanism (e.g. Kempton et al. 1997; Embey-Isztin et al. 2003) . However, their compositions indicate a more mafic lithology than shown by the S04 P-wave velocities in this area.
Low velocities in the lower crust under the Bohemian Massif (the Saxothuringian, Teplá-Barrandian and Moldanubian zones) are in agreement with observations all over the Variscan orogenic belt up to the Central Iberian System (Villaseca et al. 1999) and maybe even across the Atlantic to the Southern Appalachians (Taylor & Toksöz 1982) . Xenolith studies (e.g. Downes 1993; Wedepohl 1995; Villaseca et al. 1999) indicate that the lower crust of the Variscan internides may actually be dominated by felsic rock types (felsic/metapelitic granulites, charnockites, restites).
The Moravo-Silesian Zone is more or less equivalent to the Mesozoic Bohemian-Tethyan continental margin. This zone is characterized in its eastern part by strong total magnetic anomalies (Lenhardt et al. 2007 ), which are not too different from anomalies along present-day continental margins. Slightly increased velocities in comparison to the central Bohemian Massif may indicate that the lower crust of the former passive margin was overprinted/modified during the Mesozoic rifting.
Comparison with other refraction lines
One way to decrease the ambiguity of the interpretation was to compare model velocities with other results in the area, especially when there are models for other refraction profiles as is the case of the S04 line (Fig. 2) . Fig. 13 shows the velocity-depth profiles extracted from crossing models (in blue) and compares them to those for S04 (in red) at the intersections. In general, P-wave velocities from the S04 model agree with those from the other models. A discrepancy is visible in the Moravo-Silesian where the S04 profile images the Moho discontinuity with a velocity increase from 6.7 to 8.0 km s −1 at a depth of 33 km compared to the broad high gradient zone with no sharp discontinuities over a depth range from 26 to 36 km (velocities of 6.9-7.4 km s −1 ) modelled along the CEL10 profile. In the Carpathians, the Moho depth modelled along the S04 profile is slightly deeper (32 and 28 km) than in the case of the crossing profiles CEL01 and CEL05 (30 and 25 km). A final tectonic sketch based on the geophysical modelling along the S04 profile is shown in Fig. 14 Figure 13 . Velocity-depth models from the S04 profile (red lines) with velocity-depth models at intersections with the S01, S02, S03, CEL10, CEL01 and CEL05 profiles (blue lines) (Grad et al. 2006 Majdański et al. 2006; Środa et al. 2006; Hrubcová et al. 2008) . Ellipses mark the parts of the models discussed in detail in the text.
Tectonic development of the Bohemian Massif
The Saxothuringian displays a near-surface velocity of 6 km s −1 , representing the Palaeozoic metamorphic rocks at the north-western flank of the Krušné Hory/Erzgebirge Mts. (NW of the Eger Rift). Lower velocities of 5.85 km s −1 in the upper crust at the contact of the Saxothuringian and Barrandian correspond to the gravity minimum of the low-density granites. The contrast between the granites and neighbouring rocks is more pronounced in densities than in seismic velocities and according to the gravity modelling the granites are seated 8-12 km deeper than anticipated from the seismic interpretation. Such a result is in agreement with the interpretation of Blecha et al. (2009) who modelled the same densities and depths for the gravity minimum of the Karlovy Vary Pluton further to the SW.
The structure of the lower crust and the Moho under the Saxothuringian is difficult to determine unequivocally with the available seismic information. The data in this area allow several possible interpretations, some of them more favourable than others, although none of them fits all the seismic data. We tested a higher velocity lower crust similar to that modelled by Hrubcová et al. (2005) where its extent indicated the continuation of the Saxothuringian unit at depth. However, compared to Hrubcová et al. (2005) where the strongest reflector was from the top of the high-velocity lower crust, in our data the Moho was quite pronounced. A similar way of explaining the data was to model the structure by a double Moho where some parts showed reflections from the upper Moho, and some from the lower one. This interpretation resulted in a reasonable fit in traveltimes for the reflections, but not for the upper mantle refraction. Also, the high-velocity lower crust revealed a misfit in the gravity data, which was another indication not to promote such a structure in the model. In our interpretation as in Fig. 5 , we tend to model the Moho as a sharp velocity contrast with some undulations which might indicate some young tectonic processes at the Moho level. Such an interpretation corresponds well with the result of the perpendicular profile S01 (Fig. 13 ) and agrees well in terms of traveltimes and synthetics.
The upper crust at the northern rim of the Moldanubian displays velocities of 6.0 km s −1 , representing the metamorphic rocks exposed at the surface. Their seismic velocities are similar to those modelled by Hrubcová et al. (2005) The Moho is modelled as a first-order discontinuity at a depth of 28-34 km, slightly dipping to the SE.
At the SE end of the Bohemian Massif under the Moravo-Silesian, the lower crust along the S04 profile displays slightly elevated velocities of 6.6 km s −1 compared to those in the Moldanubian with the Moho at a depth of 33 km. In this area, the perpendicular profile CEL10 of the CELEBRATION 2000 experiment shows a gradient zone with velocities of 6.9-7.4 km s −1 in a depth range of 26-36 km. This gradient zone was interpreted along the whole eastern edge of the Bohemian Massif (profile CEL10), where strong lower crustal reflectivity with a long coda and weak PmP phases with unusually high apparent velocity suggested its existence. A slightly different character of the wavefield in the CEL10 data suggested differences between the Moravian and Silesian units. While in the Moravian part in the SW, the gradient zone has no distinct velocity contrast either at the top or bottom, more to the NE, in the Silesian unit, the PmP is more pronounced, although it is usually not the strongest reflection and is masked by reflections from the top of the lower crust. (Tomek & Hall 1993) and geological interpretation (Vozár et al. 1999; Golonka & Krobicki 2004 ).
The Moravo-Silesian unit as a narrow SW-NE-trending zone of sheared and metamorphosed rocks was formed during the imbrication of the Brunovistulian. The S04 profile intersects it perpendicularly close to the contact of the Moravian and Silesian units. With the S04 data it is not possible to distinguish which of the aforementioned interpretations is more reliable. The traveltime residuals, as well as the synthetics for both cases show similar responses (Fig. 8) . From the gravity modelling, the lower crust at the eastern side of the Bohemian Massif along the S04 profile can be modelled by slightly higher densities than those which ensue from seismic velocities, but not high enough to correspond to the high-velocity zone along the perpendicular CEL10 profile. For all these reasons it might be better to keep the simpler interpretation with the Moho as a first-order discontinuity, although a gradient zone can still be open to debate.
Tectonic development of the transition between the Bohemian Massif and the Carpathians
The area at the contact of the Bohemian Massif and the Carpathians is unique, because it represents tectonic development through three orogenic cycles (Grygar et al. 2002) . The oldest cycle is the Cadomian orogeny, which led to the formation of the Brunovistulian unit. The second cycle, the Variscan orogeny, created the accretionary wedge, represented by the volcano-sedimentary formations of the Rhenohercynian Foredeep and the Sub-Variscan foreland.
Finally, sequences of the West Carpathian Foredeep and the Outer West Carpathian nappes formed the Alpine accretionary wedge. The Brunovistulian is the oldest crustal segment and represents a foreland of both the above-mentioned accretionary wedges: the older Variscan one with generally NE directed kinematics and the younger Alpine wedge with northward tectonics.
The Moho in this area features strong lateral variations in a depth range of 26-37 km. It is constrained by the refraction from the upper mantle and shows an abrupt change from a depth of 26 km at a distance of 415 km followed by a steeply dipping portion to a depth of 37 km in a distance range of 390-415 km. Bielik et al. (2006) discuss the tectonic position of the Brunovistulian upper crust subducted into the lower-crustal position beneath the accretionary wedge. Slightly elevated seismic velocities of 6.6-6.75 km s −1 compared to the Moldanubian with velocities of 6.4 km s −1 can represent the extent of the Brunovistulian lower crust underthrust beneath the Moravo-Silesian.
Tectonic development of the Western Carpathians
The crust of the Western Carpathians has a complicated structure and is composed of fragments formed during the Variscan, paleoAlpine and neo-Alpine orogenic events (McCann 2008b) . The S04 profile is in a favourable position and cuts all main tectonic units of the Western Carpathians. At 400 km along the profile, it reaches the 20 P. Hrubcová et al. sedimentary infill (velocities of ∼4 km s −1 to a depth of 6 km) of the Carpathian Foredeep forming a characteristic clastic wedge thinning towards the foreland, followed by the Tertiary accretionary complex, the Carpathian Flysch Belt. This corresponds to the pronounced gravity low in the Carpathians. However, during modelling it was necessary to introduce lower densities of 2.45 g cm −3 than those which ensued from the velocity-to-density conversion (2.5 g cm −3 ). The local gravity minimum at a distance of 425 km (densities of 2.2 g cm −3 ) represents light Neogene to Quaternary sedimentary rocks of the Vienna basin margins, not distinguishable in the seismic data because of the larger distance to the nearest shot points in this area.
The Inner Western Carpathians are composed of tectonic units that originated during the paleo-Alpine Orogeny in the Mesozoic. They comprise numerous nappes composed of low-to high-grade metamorphic and plutonic Palaeozoic rocks and largely unmetamorphosed Palaeozoic to Cretaceous strata, which in the area of our investigation are largely north-west verging. Lower velocities of 3.9 km s −1 at about 460 km along the profile reflect the Neogene to Quaternary sediments of the Pannonian Basin margin. Increased velocities of 5.8-5.9 km s −1 further to the SE represent the core mountains (Povážský Inovec and Tríbeč) composed of pre-Alpine basement and its Mesozoic sedimentary cover. Higher velocities (5.6-5.8 km s −1 ) of the andesitic and rhyolitic rocks of the Tertiary volcanic edifices (Štiavnica stratovolcano) are reached at 520-545 km, followed by the volcano-sedimentary complexes to a distance of 560 km. Elevated velocities at a distance of 610-650 km along the profile represent the western slopes of a Tertiary volcanic complex in northern Hungary (Matra stratovolcano) with mainly andesitic volcanism of the Miocene age (Seghedi et al. 2004) . This is in agreement with the geological interpretation along the MT-15 profile (Vozár, personal communications) .
The Jurassic/Cretaceous limestones of the Pieniny Klippen Belt (PKB) separating the Outer and Inner Carpathians are the important first-order tectonic structure in the Western Carpathians and can be found at about 450 km along the profile; however, this structure is not obvious in the S04 refraction data at the surface. It represents the contact of the Western Carpathian Internides and the stable European Platform, separating this platform from the microplate ALCAPA in the eastern segment. The abrupt change of the crustal thickness and the dipping Moho (from 37 to 26 km depth at a distance of 400 km along the profile) may represent the contact of these plates at the lower crustal level.
Such a change in crustal thickness is not unusual in the Carpathian crustal structure. A similar effect was modelled along the SW-NE oriented profile CEL11 (Janik et al. 2010) at the eastern edge of the Carpathians. Also, Hauser et al. (2007) detected the same structure at the south-eastern edge of the Carpathian Belt in Vrancea, the region of deeper seated present-day seismicity (Wenzel et al. 2002) . Although not deep, the seismicity along the Peripieninic lineament, PKB (e.g. the area of Dobrá Voda, Kováč et al. 2002) , indicates geotectonic activity at the western edge of the Western Carpathians.
Considering the Pieniny Klippen Belt as a deep-seated boundary between the colliding Palaeozoic lithospheric plate and the microplate ALCAPA, the zone of the abrupt Moho depth change can represent the continuation of this boundary to depth. Vozár et al. (1999) interpreted the Pieniny Klippen Belt, forming the dominant structures of the Western Carpathians, as subvertical flower structures reaching a depth of 12 km, possibly extending to a depth of about 16-17 km (Vozár, personal communication) . The basement of the Pieniny Klippen Belt reflects the Jurassic-Cretaceous development (see, e.g. Golonka & Krobicki 2004) and is interpreted as the Pieniny crust. It is presented as an individual Pieniny terrane forming a part of the ALCAPA foredeep with an independent tectonic history during the Alpine orogeny (Janik et al. 2010) .
Considering the larger distance between the nearest shot points (SP 44110 at the eastern edge of the Bohemian Massif and SP 44140 in the Carpathians), the seismic data in this area were not sufficient to constrain the surface structure, the exact shape and the position of the individual units at depth. The subdivision into the Outer Carpathians, the Pieniny Klippen Belt and the Pieniny crust, marked in Fig. 14 , is based on the results from reflection seismic interpretation (Tomek & Hall 1993; Hubatka &Švancara 2002) and geological interpretation (e.g. Vozár et al. 1999; Golonka & Krobicki 2004) .
The crustal thickness and the Moho depth in the Carpathian region clearly tend to decrease from west to east. The Western Carpathians are characterized by crustal thicknesses of 32-33 km, while in the regions influenced by Tertiary extension such as the Pannonian Basin the Moho rises up to a depth of 25 km. This is in agreement with the reflection seismic results (Tomek 1993; Tomek & Hall 1993) , as well as the investigations of Bielik et al. (2004) who modelled the Pannonian gravity high. However, such thicknesses are small in comparison to those of many other orogens, for example in the Alps (Brückl et al. 2007) . Based on gravity observations, Lillie et al. (1994) suggests that collision stopped at an early stage in the Western Carpathians while the collision in the Eastern Alps progressed to an advanced stage such that the orogen is underlain by the full thickness of the European continental crust.
Two SE-dipping mantle reflectors within a depth range of 50-60 km are documented below the Carpathians. In the Pannonian Basin, Posgay et al. (1981) interpreted a low-velocity layer in the upper mantle, the top of which is at a depth of 55 km. Because the lithosphere in the Pannonian Basin is quite thin, they suggest that the top of this layer is associated with the lithosphere-asthenosphere boundary. The SE mantle reflector modelled from the S04 seismic data cannot contribute to such a discussion as it is constrained by only a few shot points and is not resolved under the Pannonian Basin. The shallower mantle reflector, more to the NW close to the contact with the Bohemian Massif, cannot be associated with such a boundary because the lithosphere deepens towards the Bohemian Massif (e.g. Bielik et al. 2004) .
S U M M A RY A N D C O N C L U S I O N S
The SUDETES 2003 profile S04 was designed to study the main features from the Variscan to the Tertiary, represented by the Bohemian Massif and the Western Carpathians. The S04 seismic model (Fig. 5 ) reveals a diverse and complex structure not only within the tectonic units, but also at their contacts (Fig. 14) . The differences in seismic velocities can reflect, to some extent, the structural variances and tectonic events. The main features of the interpretation are summarized below and we hope that these results will be the basis for further integrated geophysical and tectonic analyses.
1. In the Bohemian Massif, the Saxothuringian shows higher near-surface velocities represented by the Palaeozoic metamorphic rocks compared to lower velocities at the contact of the Saxothuringian and Barrandian caused by low-density granites. The contrast is even more pronounced in densities than in seismic velocities suggesting deeper seated granites than ensue from seismic modelling.
2. The lower crust under the Saxothuringian exhibits a complicated structure. The allowable models range from a higher velocity
